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TECHNICAL NOTE NO. 149

TEEORETICAL SUPERSONIC WAVE DRAG OF UNTAPERED SWEPTBACK

AND RECTANGULAR WINGS AT ZERO LIFT
By Sidney M. Harmon

SUMMARY

~. A theoretical investigation of the supersonic wave drag at zero
11ft of a series of untapered sweptback wings having thin symmetrical
biconvex parabolic-erc sectlons has been presented in NACA TN No. 1319.
The investigation has been extended to include Mach numbers which
bring the Mach line behind the wing leading edgs and also to include
wings of rectangular plan form. The results are presented in a unified
form so that & single chart permits the direct determination of the
wave drag for this family of wings over &n sxtensive range of sweep—
back angle, Mach number, aspect ratio, and ithicknsss ratio. The
results obtained for the total wave drag of the sweptback wings are
applicable to the same family of wings having a corresponding degree
of sweepforward

When the Mach line lies dbehind the wing leading edge, the wave—
drag coefficients of the sweptback and rectangular wings are shown to
resch maximum values at certain limiting aspect ratios and remain
constant for all aspect ratios greater than these limiting values.

The limiting aspect ratio is equai to ——2C0 A for the

cot AYMZ — 1 ~ 1

for the rectangular wing, where A
VB~ - -

is the angle of sweepback and M is the Mach number. The variation

of wing wave-drag coefficient with Mach number over the complete

range of supersonic Mach mumber is shown to became less pronounced

with decreasing aspect ratio. It is also shown that sweepback obtained

by rotating the wing panels rearward can give apprecigble reductions

in wing wave-drag coefficient at a2ll supersonic speeds.

sweptbadk wing and to

INTRODUCTION

‘Recent developments in airfoil theory fof supersonic speeds
(references 1 to 3) indicate pronounced effects of sweepback and
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agpect ratio on the drag. In reference 3, a method based on thin-—
airfoil theory for a frictionless fluid (referemce 2) was applied to
calculate the supersonic wave drég st zero 1ift for a serles of wings
having thin symmetrical biconvex parabolic-arc sections with untepered
plan Torme and various angles of sweepback and aspect ratios. The
results in reference 3, however, are limited to those cases in which
vhe Mach line lies ahead of the wing leading edge, or to a rangs of
Mach number from 1.0 to the value equal to the secent of the augle

of sweepbuck., The term "Mach line" as used hsrein yrefers to the
Mach wave that originates at the loading edge of the center section,
unless specified otherwise. o B,

The present paper extends the calculations of reference 3 for
the same sgerles of wings in order to present wave-drag results for
cases in which the Mach line lies behind the wing leading edge. Thesse
data are obhbained for wings of rectangular and sweptback plan forms
and cover an extensive rangs of Mach number beginning with the value
at which the Mach line coinaoides with the wing lsading edge. . In order
to rresent a more’éomplete plcture, the results of reference 3 that
cover the lawer range of Mach number ars reproduced herein together
with additionsl curves computed from formulas given in reference 3.
The resultes of the enkire investlgstion are presented in a unified
form similar to that—given in reference 3 so that the wave drag for
this family of wings may bve determinsd directly from e single chart
over an extensive range of swesphack angle, Mach number, aspect ratio,
and ‘thicknese ratio. In the Tenth Annual Wright Broa Memorial
Lecture given on December 17, 1946, Dr. von Kdrmdn indicated that at
zoro lift the total wave drag for a sweptforward wing is identical
with that obtained for the same wing having a corresponding amount of
swpepback., The resnlts of the prosent investigation for the total
drag of sweptback wings, therefore, are applicable to the same Tamily
of wings having a corresponding smount of. sweepforward.. The distribu—
tiona of. section drag, however, will differ in the two cases. Although
the calculations have bsen made for.the biconvex parabolic—arc profile,
the data may be applied to indicate corresponding results for profiles
similar to the bilconvex parabolic-ars profile.

SYMBOLS . 7 o KR

X, ¥, 2 coordinatés of mutually perpendicular systom of-axeé
c chord of airfoil section,measured in flight direction
t/e thickness ratio of section, measured in flight direction

A angle of—sweep, degrees'
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' Y‘b ‘ coordinate measured along y-exis which is shift:ed to
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t M o= ot A T R Semedier e D0 e nT oL Lmeat lE . .-—‘ R
. : et e Ty M oy LT e e T
wing semispan measured along y—axis, semichords except in
apperdix A.. . A S S N N o
K persmster indicating spenvigd position equal' té y/m, semichords
2 . -
- A . +agpect ratio '<¥§;) St Lt .ok P
s . . wing -area - T L . 3ﬁd'ﬁ o
1747 slenderness ratlio, ratio of wing semigpan measured along
fer - w7 . .piidchord ‘station to maximum thickness of cemter section
v velocity in flight direct*on ‘ ) . Lo L
n xscomponent of disturbance velocity, positive in flight
.o o~ direction .o .o
u dlsturbancs velocity caused by scurce line with reversal in
S glgn of m i
I source Tactor required to maintain a given wedge angle
%% slope of airfoll surfacs -
P, real part of complex expression
. . 'Mach:ﬁumber N o - :'-;t'“f‘f“ﬂ_;-

Te coordinate measured along y-axis which is shilfted Lo tip _
- section, semichords . ) :

oppoaite - tip gection, semichords - | X .-

':h¢;m feection-wave—drag coefficient without tip effoct

ca section wave—drag coefflﬂient including tip effect
Aca "..increment 1n section'wave—drag coaffic;ent caused by wing tips .
. Acdi - increment In section wvave-drag coefficlent caused by‘wing tip

located on sams half of wing as.section
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AodII increment in section wave-~drag coefficient on one wing pansl
caused by tip of opposite wing panel

Cﬁ - wing waveudrag coefficient without tip effect
.Gy wing wave--drag coefficient including tip effect
ACn - increment in wave-drag coefficlent caused by tips, complete wing

ACDII Increment—in wave-drag coefflclient on one wing pansl caused
by tip of opposlite wing panel, complete wing

¢, ﬁ" .cQordinates which rqplace x end y, respectively, used to
indicate origin of source line

w! ¥ in trensformed coordinate sfétem of reférence 2

Primed values of A, y, Yas ¥ps» B, z, apd m indicate transformation
involving multiplioation by factor 8.

cE L az

Subscript notations for u and i indicnte the orlgjn off source line

in terms of coordinates x and y, respectlvely
ANALYSIS

Baslc data.—~ The apalysis 1s based on thin-airfoil theory for
amall pressure disturbances relative to the ambient pressures. The
axes used are the mutually perpendicular x, y, z system in which
the x-axis is taken in the direction of Fflight posmitive to the rear,

! the y~axls ia along the spen peositive to-the right, arnd the z-axls
is posative upwards. The symbole ussed to designate the wing-plai—
form parameters aro shown in figure 1. The analysis is made for
untapered sweptback and rectangular wings of blconvex parabollc—arc
profile at Zero lift. The wing 1s congldered to be cut off in a
direction parallel to the direction of flight. The Mach numbers
considered in this analysis correspond tc those fior which the Mach
line liee behind -the wing. leading edge, that is, for Mach numbers
greater than the secant of the angle of sweepback (m:> %

_ Theory.— The present analysis corresponds essentially to that
‘ ‘given in reference 3 where m < %q By following the analysis of

reference 3, the sectlion wave—drag coefficlent faor the symmetrical
biconvex parabolic—arc profils at the spanwlse sbation y is
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16% Lo o
cg¥) =;;%- /‘m <§——x+%)u ax ' - (1)

Jy/m
where u refers to either surface of the airfoil.

The evaluation of equation (1) involves the determination of
the disturbance veloclity u at each point cn the wing. An appropri-
ate system of semi-infinite source and sink lines which represent
the wings considered herein is given in appendix A. Appendix A also
gives the u—expressions for these source lines and their regions of
influence on the wing as determined by the Mach conses from thelr
extremities. These regions of influence for the individual source
lines are illustrated in figure 2 and are given in table I as the
limits of the variables of integration for x alorg the chord end
for y along the span. . -

Figure 2 is given in order Eq iliustrate_typicé; Mach lines for
Mach numbers in which the Mach wave fram the nose lise behind the wing

leading edge'.(m > é). Insemuch as the wing cut—off is represented

by reversed semi-—infinite source—line distributions (appendix A), the
tip Mach cones in figure 2 for the various aspect ratios show -the

extent of the region of the tip.effect, For A> __2&;_ the tip’

offect on the wing is influenced only by the adaacent tip ks

A <:%5 both wing tips influence each wing panel.

Formulas for section vave—drag coefficients.— The formulas for
the section wave~drag coefficients for sweptback and rectangular
wings, which result,fram the integreticn of the u-oxpressions in
equation (1), are presented in appendix B. These formulas glve
expressions for section wave-drag coefficlent without the tip effect
Cd., and also the expressions for the increments in section wave~drag

coefficlent caused by the wing tips Acy.

Wave—drag coefficients for complete wing.— The formulas foar the
wave-drag coeiflcients for untapered sweptback and rectangular wings
of biconvex parabolic-arc profile are given in appendix B.

RESULTS AND DISCUSSION

Variation of section wave—drag coefficient along span.~ Figures 3
and 4 show the variation of section wave-drag coeificient  cg along
the span for the wings of 45° and Q° sweepback, respectively.
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The results are shown in figure 3(a} for the 45° sweptback wing
of infinite aspect ratie, that is without the tip effect, at several
Mach numbers. The lowest Mech number 1.kl represents a case in which
the Mach line is coincident—with the wing loading edge.  In this case,
as noted In reference 3, the wing has a very high drug and the section
wave-drag coefficlent increases in the outboard direction and
approaches infinity at an inflrite distance from the wing center.
As noted later in this section the assumptions of the linearized thoory
may be violated at a Mach number of '1.4L except fér very thin wings,

For the higher Meoh number of 1.50, the ordinates are-redﬁced
in magnitude and the spanwise variation of Cd,,- is markedly flatter.

The seotion wave-drag cosfficient without tip effect cq, ‘had a.
minimum value at the center section, incromses in.the oubboard lirection,
and then approaches a constant finite.value. This constant value of

Cq, Yesults from the fact that if the effect of the wipg tips is .

neglected, the flow is two-dimensional over the parte of the wing
ahead of the Mach wave from the vertex.. The component parallsl to
the wing leading edge has no effect hkre; that 1e, this region is
Influenced only by the component of the velodlty normal, b the wing
"leading edge (reference 4). The preseures, therefore, are exactly
those that would be computed by the Ackeret theory of linearized two—
dimengional:supersonic flow by use of the normal velosity ccapodrient
(reforence 5), Outboard of the point .where the Mach vave frcm the
vertex intersects tho wing trailing edge, the f£low_ipg entirely two—

s dimensional. In this region, therefore,the section wave-drag coef-—
ficlent based on all paremsters measured normal to the wing leading
edge has the constant Ackeref velue for an infinite rectangular wing.
The value ise: . .

cg, = T (w (See appendix B, equation (B4).)
n C

“where the subsoript n ipdicates that, Cdys B ﬁhd-m£7c_'éfa“-"m'

measured normal to the wing leadling edge. The section wave_drag
messured normal to the wing leading edge is obtained frcm this section
wvave-drag coefficient, and the component of this Fforee in the flight
direction gives the true se¢tion drag. As a result there is obtained

lb( )gm

= C 0083.6." hamtr————-— "1
%on ¢m~52 -1
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When this value for e¢g 1s compared with the Ackeret result for

(2]
an infinite rectungnler wing having the saue thickness ratio in the
flight direction, og_ in the region of two-dlménsional flow is

found to incresase beceause of sweepback by the factor \#

. mefe - 1

The highest Mach number 2.2k répresents a case in which the
ving is well outside the Mach cone. At this Mach number, cg =

approaches the two—dimensiona.L value at a comparatively small
distance outboard of the center sectiom,

In figure 3(b), the spenwise distridbutions of c¢g are shown

for the 45° gweptback wing at a Macia muiber of 1.8 for various
aspéct ratiod. The aspect ratios in this figure were selected so
that they represent each of the different types- of ®ip effects.
(See fig. 2.) -

A comparison of the Ca g —~digtributions illum:rated, in figure 3(a)

with those given in Figwre '3(-1) of reference 3 shows an important

difference between the conditions whers the Mech line liss shesd of
the wing leading edge (m < %) and vhers the Mach line lles behind
. 't.he leading edge {n > %‘-) If m< %‘»,‘ the section wave—drag coef-—

ficlent without tip effect o4, decreases to zero at some point
along the span, then hecomes mnegative, and £inally apprcaches zero

asymptotically at infinity; wheress if m > %’ 8 dces not decrease

to zero with increasing values of y dut approaches a constant
positive value. The contributions of the adjacent tip effect to tue
shape of the - og~distribution Ocgy are gimilar for both

m> %- end n< é‘ This may be seen by teking the dlfference of

"the cg~curvee for A == anl A = 5 in tigure 3(b) and comparing the
resulting distribution with '-\Cd-f given in figure 2(b) of roference 3.

The increment in section wave-drag coefficient on one w'ng penel
ceutied by the tip Of the opposlie wirg panel Eucd_II, however, tends to
' . ¢ ' :

be shifted inboard when the Mach number is increased from the range

m < ;B'- to 'm > % (Note Mach lines from opuosite tip in fig. 2(a)

of this paper and Acgyy - in fig. 2(b) of reference 1-)_ This com-

~

parison ifidicates » therefore s t-hat -in general 1or a given sweep-
back angle ehd comparstively high aspect ratios ir§ which AchI is

zero (& > n—l’gg%-i or very smell, sn increase in the Mach nunber
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which brings the Mach line behind the leading edge of the wing
appears to result—in s shift of the cenber of pressure of the wave
drag in the outboard direction.

The results are shown in figure k(a) for the rectangular wing
of infinite aspect ratlo at several Mach numbers. These results
correspond to the Ackeret theory, which shows a constant section
wave—drag coefficlent along the span.

The results are given in flgure L(b) for the rectangular wing
at a Mach number of 1.25 for several aspect rabtios. The aspect
ratios in this figure, as in figure 3(b), were selected so as to
represent each of the different types of tip effects. (See fig. 2.)

Effect of tips on wing wave—drég coegfficient— The present
analysis for m > % indicated, as noted in reference 3 for m< %,
that the integrated value of Acgy over the wing ls zero if the
aspect ratlo is equal to or greater than e =7 Inasmuch as
ACpy; 18 zero for A =4 mﬁem - (so0 rig, 2(&)) the total increment

in wave-drag comtributed by the tip is zero if A = —EEE—E

For the'rectangular wing, m =« and the total increment in
Cp caused by the tips 18 gero if the aspect ratic A 2 %. (See

appendix B, equation {B1ll).) In the range A'%.%, therefore, the

wave-drag coefflcient for the rectangular wing is independent of
aspect ratio and is equal to the Ackeret result for a two-dimensional
wing, If the aspect ratio for the rectangular wing 1e less than
l/ﬁ, the increment in Cp- caused by the tipes is found to be negative.

Generalized curves for wing wave—drag coefficient.—~ Flgures 5
to 8 present generallzed curves for determining the wing wave—drag
cogfficient over an extensive range of sweepback angle, Msch number,
agpect ratio, and thickness ratio.” The results are given in figuree 5
and 6 for the sweptback wings. As noted previously in the "INTRODUCTION "
the data In these figures are applicable to tho seme family of wings
having a corresponding emount of sweepforward. The results for the
rectangular wing are presented in figures 7 and 8,

The data in filgures 5 to 8 apply specifically to untapered wings
at zero 1ift with biconvex parabolic-arc profiles and the wing tipe
cut off 1n the direction of flight, The results, however, may
be applied to indlcate approximate results for profiles similar to
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the hiccnvexX pardbolis-d¥s profil? Becaueae ci‘ the pesum;:tiene of
the present linedrized thedry, the Fesults presented herein for Mach
nuzhers in the vicinity of seq,..A, qr.at -very: High' Mach. nonmbers,

are in. general questionable ) except for emall or vamehingly emall
thic}mees ratios, inasmuch as 't‘he calculated. pressure disturbances
over the w‘ng ab such Mach numbere tend to be. large .relativeé to the
ambient pressures.- For applications to very small aspect. ratioe 3 _-
the present theory may requirwsbme modifications. s ~

The results in figures 5 and 6 for ‘bhe sweptback wing are given
.1n terme of the wave—drag—-coefficient paranleter .CD. ten A, the Mach

number parameter cotA \IM - 1, and the aepect ratio parameter

A tam A. As shown in reference "3, these parameters group the
variables Cp, A, A, M, and t/c in a unified form and thereby permit
the direct determination of .the drag coefficient from & eingle chart
ovel ‘ah ‘extensive range of sweepback angle, Mach nugber, aspgct ‘patio,
and. thickness ratic. For a 1l0-percent—thick 459 eweptbac}: wing, -the
drag—coefficient parameter in figures 5 and 6 bscomes simply COCp,

the aspect-ratio parameter, A, -and the Mach numbex pare.nteter A Yﬁé l.
The resultes in figures 5 and. 6 may be appliséd to any sweepback angle
covering & range of aspect ratio froam 0 to 10 cot A and a‘ range of

Mach number fram 1-to J1 + 49 tan® A.

sl

The reeults 1n figu.ree 5(&) end 5(b) refer to Mach nﬂmbers '

orresponding to ‘cot A IM® — 1 equal to or less than 1; that ie,
where the Mach line lies ahead of the wing leading edge. These
data represent results which were obtained directly from figure 5 of
reference 3 with several addéitionsl ecurves which were ‘calculatéd
from the formules given in reference 3. The results in figures 5(c)

and 5(a) refer to Mach numbers corresponding to cot A ‘IMQ —~ 1 egqual
to or gre&ter than 1; that is, where the Mach- line lles behind the
wing leading edge. These data were calculated :f’rom the ‘formulas
given in appendix B of the present paper. The data in figure 6 wers
obtained by cross—plotting the results in figure 55 therefore, the
range of Mach number and aspect ratio in flgure 6 ie the same ne
tha'b given in figure 5. - B
"Effect of aspect ratio end Mach number on Wing wave—drag coei’-
- ficlent for sweptback wings.— If the Mach line is well ghead cf ‘the

wing leading edge, increasing the aspect ratio i the ‘range’ AR & ‘cot A
reduces Cp  (see Ffig. 5(a)); however, for all sspect ratios where -

the Mach line approachee the wing leading edge and alec for A ] cot A

" “for Mech numbere cot A y’MQ - l l, CD is reducep. with decreaeing
agpect ratid. TN .

RS Lowan Aty IOTE L I
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If the Mach line lies behind the wing leading edge, the wing wave—
drag coefficient reaches a maximum value which is consgtent for all

aspect ratios greater than a certain limiting value (532 ;E%E—i).
Figure 6 indicates that in general the varilation of Cp over

the complete range pf Mach number becomes less gronounced as the
aspoact ratioc is decreased. For A é cot A the variation of CD
with M is comparatively smull

Effect of aspect ratlio and Mach number on wing wave-drag coef—
ficient for rectangilar Wilgs.— Figures 7 &nd 8 indicate the effects
of agpact retlic and Mach number on Cp for rectangular wingzs.

G s

Flgure 7 shows the variation of *—*—%}? with aspect ratio for
100(%)

congtant Mach numbers. The wing wave—drsg coeffiuient reaches a

maximum value at an aspect ratio equal to :t./;/'brvi’J ~ 1 and remains
congtant for higher values of aspect ratio.

Figure 8 shows the variation of D with Mach nmumber M
100(%)2 .
for constant aspect watlos, When the aspect ralioc is equal to or
greater than 1, Cp 18 indepesndont of aspect ratic for Mach numbers
squal to or greater then 1.41. The curves in figure 8 indicate that
the variation of Cp over the complets yange of Msch mumber beccmes
less pronounced as the aspect ratio ie reduced; thus, the same trend

noted previously for the sweptback wings is shown.

Effoct of mweepbeck angle on wing wave—drag coefficient.— In
order to study the eoffect ol swespback on the wing wave drag, the
method of obtaining the sweepback must be goncidered. In the present
investigation, wing wave—-drag results have beaen thained for two
different methods of incregsing. tne sweepback angle, and the data are
preeented in figureg 9 and 10, .

In the first method of—obtaining sweepback, the data for which
is given In fligure 9, the sweepback angle is Increesed by rotating
the wing rearward about a vertical axise at the midpoint of the center
section. The root and tip sections of the rotated wing are then
modified so that: they bocdme ~parallel to the flight directlion in order
to confornm to the family of’ sweptback wings c¢ongldered herein. For
this method, the aspect ratiq and, the thickness ratio in the Flight-
direotion are reduced with' 1ncreasing gwgepback, but the wing area
and slenderness ratio are maintained constant. The slenderness ratics
in figure 9-are based on a thickneéss ratic of 0.10 measured in a
direction normal to the wing leading edge. The thickness ratio t/c
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measured in the flight direction, therefore, varles with sweepback
as cos & or is equal to 0.1 cos A. The aspect ratio is reduced
with sweepback by the factor cos?h. The aspect ratic A is related
to the slenderness ratio. Z/t by the following formulas
= 0.21 cos2 A
t

The results in figure 9 indicate that if the Wing is sweptback by

rotation on the basis of. constant 1/t, sweepback cen give apprecieble

reducticns in the wave-drag coefficlent at ell supersonic spaeds

For the second method of obtaining sweepback, ‘the data for which
is shown in Tigure 10, the sweepback angle is increaged by sliding the
sections resrward. For. this method, tne aspect ratio, the thickness
ratio in the flight directlon, and the wing avea are maintained
constant, The results in figwre 10 indicate that if the wing is swept-
back by sliding the sections resrward, swsepback can give appreciable
reductiong in wave-drag coefficient only at Mach numbers for which
the forward Mach line is well ahesd of the wing leading edge. At
" Mach nurmbers, howaver, Tor which ‘the forward Mach line approaches the

wing leading edge or is behind it (cot A ‘JM~ -~ 1 | & 0.95), wing sweep—
back obtained wilth Ponstant A and t/c increases the wave-drag
uoefficient ' ' )

CONCLUDIKG REMARKS - e

The thecretical investigatlion of the superscnic wave drag of
untapered sweptback wings at zero 1ift has been extended to include
Mach numbers which bring the Mach line behind the wing leading edge
and to include wings of rectangular plan form. The wing sections
investigated were biconvex, ccmpoged of two parebolic arcs, and the
wing tips were considered to be cut off in the direction of flight.
~'The following conclusions have been drawn

Mach line shead of the wing leading edge:

1. If the Mach line 1s well ahead of the wing leading edge,
increasing the aspect ratio in the rangs of aspect ratio greater than
or approximately equal to the cotangent of the angle of sweepback
reduces the wing wave-drag coefficient.

2, For aspect ratios less than approximately the cotangent of
the angle of sweepback gpd for all aspect ratios where the Mach line
approaches the wing leading edge, the wing wave-drag coefficient
decreases with decreasing aspect ratio.
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. -Mach line behind'the wing. leading edgs:

3. The wave-drag coefficient ef the swepbback wing ‘reaches &
maximum' value at an aspect ratio for which the Mach line from the
leading edge of the center ssction intersects the traliling edge at
the tip; this maximum coefficient remains constant for higher valuses
of aspect ratio.

k., The wave~drag coefficlent of the rectangular wing reaches
e maximum value at an aspect ratio for which the Mach line from the
leading edge of the tip section intersects the trailing edge of the
tip on the opposite wing panel; this meximum coefflcient remains
constant at higher values of aspect ratioc. .

- 5. The wave—drag coefficient—of all wings for all aspect
ratios decreases with inoreasing Macn number .

-Ccmplate rangs of Mach number°

6 With a camparatively high aspect ratlio, an increase in the
: Mach number which moves the Mach line behind the wing leading 'edge

. appears to move the center of pressure. of the wave drag in the out—
board direction.

7. The variation of the wing wave-drag coefflcient with Mach
number over the camplete range of- supersonic Mach number becomes
less pronounced as the aspect ratlio is decreased.

8. Sweepback obtained by rotating the wing panels rearward can
give appreclable reductions in the wave-drag coefficlent at all
supersonlc. speeds.

9. Sweepback obtained by sliding each sectlon rearward can gilve
gappreciable reductions in wave-drag coefficlent only when the Mach
line 1s well ashead of the wing leading edge. When.the Mach line
approaches the wing leading edge or is behind i, Aweepback cobtained
" by sliding each section rearward increases the wing wave—drag
coefficient.

Langley Memorial Aeronautiocal Laboratory
National Advisory Committes for Aerocnautics
Langley Field, Va., July 10, 1947
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APPENDIX A

FORMULAS FOR u~EXPRESSIONS AND INTEGRATION LIMITS FOR INTEGRAND
IN EQUATION (1) FOR UNTAPERED SWEPTBACK AND '.REC‘I‘AI‘IGULAR
WINGS OF BICONVEX PARABOLIC-ARC PROFILE AT ZERO
LIFT [m=;30tA2%'J o

Sweptback Wings

The desired integrand: u i ezuation (1) is determined in a
manner similar to that described in appendix A of reference 3., Ths
sweptback wing of desired profile shape and plan form is-built up
by superposition of the solutions obtained for a semi-infinite
oblique wedge. On the basis of the linsarized theory, roference 2
derives a solution representing an oblique semi-infinite (sweptback)
source line making the angle. ¢f gweepback A with the y-axis. The
solution wtilized for the pressure field or for the disturbance
velocity is

o )
~1 mpey .
Us,0 = R.P. I coshk ETST:E——T (A1)

where the subscript notation indicetes that the source line starts
at.the origin of coordinates (x = O, 5y = 0). Equation (Al) is
shown in reference 2 to satisfy the boundary condition for a thin

1
%i) in the transformed .,
coordinate system of reference 2 (y' = yB8, z' = gb), where

dz)' ¥ T %4l —me ; T
(dx F - I F ——@r— The source factor I In terms of the

physical coordinate system reguired to maintain the desired wedge
is shown in reference 3 to be represented by

oblique wedge making the half-angle (

m dz

© - 222 T(5,0)

If the gource line is awept ahead of the Mach line, mB > 1,
then substitution of eguation (A2) in equation (Al) gives

I=)eme (a2)
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uo’o = RlPl hand ﬂvtﬁgé_e__;_—l

e coah
Clx)o,o B’y - mx‘

iVm (dz -1 X ~ mp2y

), ot g

_ndméﬂe -1 B

The sweptback wing of biconvex parabolic—arc profile is
represented by the following system of elementary semi-infinite
obligue socurce lines: Source lines of equal strength are placed
along the leading and trailing edges beginning at the center sectlon
in conjunction with a constant distribution of sink lines along
the chord also beginning at the center section. At the tip, where
the wing is cut off, reversed semi-infinite source and gink lines
are distributed so as to cancel exaectly the effect of those origi-
nating at the center sectlon in the entire reglon of space outboard
of the tip.

For m> % the sou%ces which hre considered to Qriginéte at

the wing trailing edge have no offect on the wing because their Mach
‘}ines are behind the wing. (See fig. 2{a).) Tho disturbance
velocity u 1s then expressed in the following form (reference 3,
appendix A, equation (A1)):

U&'i“

v T l
4 =Y,0 * 9,0 T 5%,0 T 5,0

—. l—
~ Yh/m,h " Yn/m,-n %uh/m,h * 5% /m,~h (ad)

where the subscript notation indicates the origin of the source
line. The bars over u refer to the source lines caunged by the
cpposite wing panel; that is, T indicetwe a mource lins with a
reversel in the sign of m. ©

In equation (Al), the u-—expressions are given by the real
parts of the following expressions: . . o

. 2
(x, 7) & ——tB (Q&)E:R cos™t X — & ~ 18 (y_ = n) {45)

. nfa2p2 — 1 \4E - Bly —n - nlx - g
q va__ Q&) 5 lwl x - ¢+ mB(y ~ 1)
ug,n(X: y) = ;];§ES===r (d %) on S8 37— A=t (A6)
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where ¢,n .represents the orlgin of the elementary source limes,
For the bilconvex parabolic-arc profils,

),
\d=x &,1

The symbol %‘- in equation (Ak) refers to an integration

which represents the influence of a un:iform distributiqn of source
lines along the chord of the biconvex profile beginning at the
position £,n. This int.egr'a'bion is expressed as (reference 3,
appendix A, equation (A2)):

u, (x y7'“l/\g 0T cont £ B mmb(y = n) gy
D Esmt x—B‘y—ﬂlaEr o By e —mlx—-g")]

r
L Vy ) ® c dooartx= b
" dx= 1 Bly ~ n

' x—-£
— 1 1 - ID.(JC £) GOB;'l By — 1) = 1 (AT)

o282 — L Ak L _mlx—t) J

F -1

where &' 18 the variable of integration representing the %-coordinate
of the origin of each source line in the distribution of squrce lines.
For the biconvex profile, :
?)
c

Equation (A7) is expressed as a function of it-—-—é-; that is,

d2z~ L
—s R- 2
x=

o

1
' =11 X
D ém( ? 7)

(s - n) 1’(3;-—'-'-&)

Then

%ﬁgm(x, ¥} = =y - n) i‘[ 5—7}
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Rectangular Wings

Tor the rectangular wing, *~.w and £hé following expreasions
result fram substituting m =e in eguation (A5), (A6), end (AT):

=_Y_g;z e m(y- )
. __-~-,.. _._Y_gﬁ. (3""1]) T '-'.
.Hag’n(x{_y).—,ﬁﬁ gx,cQS._ X g R

1'3 . -l _ e ol
ﬁug,n(x’ ) ( n) —-——Icos F’I-‘;—:g-;-]—]-: -

]

y =, x—g

(v =) f@—:—-’;’}) -

l— . - _ x — &
.'-fﬁuﬁm(-x’_' 7) =~y —n) f[(y n)]_

Limits of Integrations

The limits of integration with regard to x for the section
wvave—drag coefficients and with regard to y <for the total wing
wave—drag coefficisnts are discussed. The u-componetrts caused by
each of the elementary source lines are zsroc at all polnts outside
of the respective Mach cones. The expressions for the u-integrand
in equation (1) ars therefore ‘evaluated along the section for values
of x Dbeginning at the forward boundary of the Mach cone. This
integration gives the section-drag-cosfficient components. In order
to obtaln.the Wing wave—drag coefficlent, the sectiop-wave-drag- .
coefficient components obtained from the respoctive urexpressions are
evalvuated along the wing span for values of y contained within the
Mach cone. Table I refers to one side of the.wing (x and y positive)
and shows the limits of integration for x and y for the required
?—expra§sions for: ths wings with sweptback and rectangular plan forms

fig. 2 .
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.APP_E_NDIX_ B B S

FORMULAS FOR WAVF—DRAG CORFFIOIAVIS FOB UNTAPERED SWEPTBACK
AND RECTANGU’LAR WINGS OF BICONVEX PARABOLIC-ARC
PROFILE AT ZERO LTFT [m = oot A Z %-I

In the following analysis the quantities y and X are
employed nondimensionally in terms of the gemichord, The equations
" for the drag coefficilentg in 81l cases refer to  the real ‘parts of
the indicated expressions, ) )

Section _Wave‘—-Drag‘ Coefficients_' -for Sweptback Wings

Sectlon wave—drag coefficlent without tip eff_éc’c.’s.-;- The' section
drag coefficlent cbtained from equation (1) for the given wing at
a spanvlise station ¥ .and Mech number M without the tip effect
was found to bs as follows: ' S s

¥
,c_:_d@(;v) = %ﬁ) m.\fKI3 sosh™* ETKI;;.'—?‘
p 5 cost 2. —E(m= — 1)
3fmi2 —~ 1 Q! .
— o(23 ~ 3K — 1) cos—L KL x m'?) + 2]
o om! (K + 1)
K> ] 2 2 3 -. :
-3 (&2 - (Km') r o : (B1)

-

where K =%’1- and m' = mpB, At the center section, ﬁhéra y or

XK = 0, equatlon (Bl) becomes:

Cdy = *3—%(3)2 Ll cosd S
= 3/ LE@ g 0 W
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; om
When K = —2— oF y = —sSb— the forward Mach line from the
mg ~ 1 T Smga
center section intersects the wing trailing edge, and for ¥ z.
equation (Bl) reduces to the following expression: . m —~ 1
16ty o m o
s R s % P ——————
deo 3(-) Vmgﬁg - 1

Increment in sectlon wave-drag coefficient caused by wing tips.~
The increment in cg caused by the tips depends on-the sweep angle,
' aspect—ratio, and Mach number. The following typoes oncur in an
un$apered wing:

i. If A 2 Eﬁg%hi’ each tib affects solely ite own half of the
wing. In thig case the region of the wing affected is between values

of' y from h -~ mﬁgf T to h. (See fig. 2.) The increment in section

- wave—drag coefficient at a Mach number M and. spanwise position y
cauged by the tip was found to be as folilows:

-
Aod_I(y) = §,(§) m 7a ( ,(' +2) -~ lmﬁ) COSh_l *P—;—-'-—’—'-—"-
x 1om 2 m . |mty, I

+ (2111' - 32Ya') \/l:mf (-ya| + m() __yﬁfa(mgo —- l)}

m!

2 .t
om! - (m¥" ~ 1)7 l
- 2 cog—l ( )7a' .

3fm!® ~ 1 2m!'2 j

where the subscript a indicates that the x-axis is shifted to the
tip section, and vhere yé = ygB and m!' =mB. In the plan form
of—the wing _ _

(B2)

Yy =¥yg . +h
In equation (B2) values for Ya are'taken from - Eﬁg%'I to 0.

IT. If A <:m32? i, ‘the tip on the opposite wing panel

contributes an increment in c¢g 1in additlon to that discussed



under type I. (Ses fig. 2.} The incremsnt in Acy at a section caused by the opposite .-
tip Jag obtained In the following formg .

o

-

60T ON NI Vowl

2 fror ]2
‘ Aédl'_[(y) = %(’E‘) L (7;‘71) ~ 10n' — 2m' ) ‘/[F-b - 2(ht ~ m'] 2. (m‘ybr)a
g . ‘ I ' —o(ht —m :
yb (]_h. + mle) - 3hly 1’ + oh?2 -]!1‘2 cosh™ -1 -fb ( m') T,
12 : uty, ! :
+ ——.—2;——-—‘___.. [2:; 3 - 65'-..'911' + m'{w? ~ w2} ey
" 14+ mc) —2(ht — _ . " '
+ 3“'-'21‘11 —mt3] | cogt b ( + I ) 2( m'} (B3)! ¢
] : ot (71) — b 4 m!) 3P 1,; .
. : ' SRE ?
where the Bubscripf: b indicates thet the #-axis 1s shifted to the orpcgite tip Bectibn o

and.where 7! = 7B, m =m8, and h' = hf. In the plan form of the wing
‘b J St

[N '_.. . . ’ 4 I|'
-k - X -

T =
i _— J b

The limits far y, to be used in equatiml {83) depend on the value of thﬁa aapect . ?
ratio A. Ths _ o . R

(a) Ir A< .BEm ' >1, ths front Mach l:ma from the opposite tip 1ntersects the | T * -
CmB o+ .
S+ T
tralling edge at a valwe of ¥y, = %:Ig——hf)" 80 that values far y, in equation (B3) ere \o
2(m - h) '

ta:kenfrm. h %o —E—r,' - . . :_' b

i 1| ° I
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(b) If A< B@m =<1, the front Mach line fram the opposite
+

tip intersects the tip section, and valuos for Ty in equation (B3)
are taken from h to 2h.

" In cases (a) and (b) discussed under +type II, the increment in
Hog  caused by the adjacent tip discussed under type I ie obtained
at spanvise positions of y, frwm . -h o O.

The total increment in wave~drag coefficlent at a section caused
by the tips is glven by

Acg = Ac Ac
404 dy T SPdyg
and the total wave-drag coefficient at the section is

By = cdu:-b Loy

Section Wave-Drag Coefficlents for Rectangular Wings

For the rsctangular wing, m' = mB =« and the following
equations result fram equations (Bl) to (B3):

- Seotion wave—drag coelficient w:lthout t1lp affect.— For all

values of ¥y
16 (t)° O my
= = = Bl
38 (C) : (B4)

This result agrees with Ackeret's theory Yor the biconvex parabolic-
arc profile. _

-.Increment in gectiod o .- ia coafflcient: caused by wing tips.—

>
If A= g—, the tip effect results solely from the adjacent tip and
B J . p al

” )
Aegy = 3,{3 ) .Va [(.’Ya'a - 12) cosh™t lyz,'l

T t
r 2l - ya‘al-— 2 cog™t - iig;« (85)
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where

Yo' =38 = (v~ h)p

In equation (B5), values for ¥, are taken from -;% to 0.
If AL -g—, .the tip an the opposite wing panel qontr:lbutes an

increment in c3 in addition :bd Acdi'. The iricrement iri-_l'Acd at-a-
section caused by the opposite tip is '

2 "_ .o s
AGdII = 5%5- (%) - —yE— [(,Yb‘g - 12) cosh™ ﬁ)T

o+ QJH - yb‘eJ-— 2 cos™t z‘g" ’ (B6)

where ' ' : ’ ' . ' B ——

¥t =B = (5 + b)p

The values for yb' or y which are required in eguation (B6) for
A<-§- are as follows (ses fig. 2(b)):

(a) If A>-g=, ¥y varies from O 1o %-—h

(b) If A& <?33:-’ y varies from O to h

Wing Wave-Drag Coefficients for Sweptback Wings
8 \

The integrations of equaticms (B1) to (B3) for the ‘section wave—
drag coefficients between the appropriate limite for y (fig. 2(a) and
table I) yield the following results for the sweptback wing.

Wing wave—drag coefficient without tip offect.— The wing wave—
drag coefficient without tip effect is e
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r- .
_ 8 /p\2 JA’2 , ~1 A' + om'
o, = 3 (2) o3 M e T

—ﬁwmi+W)*m%w2_n]

+. | ] omt 3 cos_].' gmt __Al(m! - l)
3m' 3 \[mue -1 21,1:2

' 2
*. (2ml3 + 3Alm_l2 -~ A'3) cog™+ 2!+ At(m? + 1}]} (87)
E . Emt(p._t + mt)

Increment in wing waveée-drag coefficlent caused by tips.- If

vhora A!' = AR and n' = mp,

A => 5 T the ¢ontribution of the tips to the wing wave-drag
ms + '
ceoefficient 1s zeraq.
I£ A 2m «3:-, ther
mB r

ol
IHE \frﬁ:

(omt3 — 31;1_[3 At + A'3) cos™t At(nt® 4 1) L--am_‘_]

Lo cos—l AT - 1) 4 omt
omt 2

+

ml‘3 21')1:3(:1‘ — A')
: e - 1
+ Al {?A' cosh"'l M \/h—mf (m$ - Al) - A2 (m|2 - :L):l * (B8)
lZm.'3 mtat

ir A(%‘-, then
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2 l. omt 3 cos™t A'(m'e—l) + Em'

) ’%(%)m 3m,3‘/1'n',:-— R

1A (w2 41) — 2wt
om! (m! — At}

+ (emt3 - 3m‘2 At 4 A‘3) cos

- A .
)2 coslm.A + 1

+ (At __gml)(ml + AT
m' + A

- (A' + 2m')(mt — &A1) cos
m: _A'

1 m'Af — 11

1om?3

P L [6111' - 412 (m'e + 2)} cosh™+ -:"3— ~ m?? Vi —ar

+ 312 cosn™t ?_‘;'.A_-';'_A.'_ ¢ Animt (mt ~ A1) — at2 (2 1) \ (39)

Tal

Total wing wave—drag coefficient.— The total wing wave-drag
coefficient is obtained as the sum,

CD=CD°°+¢CD'

vhere the components CD and ACp are caleulated from the foregoing

equations for the wing wave—drag cosfficiert appropriate to the aspect
ratio of the wing.

Wing Wave-Drag Coefficlents for Rectengular Wings

For the rectangular wing, m' = mB =wo. The following results
for the wave—drag cosfficient of the rectangulsr wing may be cbtained
elther by integrations of equations (B4) to (B6) between the appropri—
ate limits for y (see fig. 2(b)) or by substitution of m =e in
equations (B7) to (B9):

Wing wave-drag coefficient without tip effect.~ The wing wave—drag
coefflicient withnout tip effectis .

16/%\°
Cp, = = .5) (B10)



2k

NACA TN No. 1kh9 '

This reasult agrees with Ackeret's theory for & biconvex parabolic—
arc profile.

Increment in wing wave—drag coofficient ceused by tipe.~ The

increment In Cp contributed by the tipe 1s obtained in the foum

= .2 ¢ At
ACp v\ L 3 cos
1 — |
+é3-! (6--A"’} coshll-— \/l-—A'?)f (B11)
where
AY = 88 < 1

AL

12 = &’ equation (Bll) shows that A£G, =
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TABLE T
LIMITS OF IRTEGRATIOR FOR WINGS WITE SWEPTBACK
AND RECTANGULAR PLAN FORMS
Limits of Integration’
u=-components x
Lower Upper Lover Upper
limit Limit limit limit
Sweptback wings
Y%,0 0,0 y .
y/m + 6 o h
%‘o,o %‘50,0 m
Yb/m,b E(-.S+l)—yﬁ Lie h——B&
=» B o+ 1
1 2
ir A
5%/m,h (e a>220 .
< o
0 (1: ™ 1)
- a i ( }
Yh /o, -k v =S -1
Blwg + 1) + 58 S+ )
o m = on _1;
D h/m,~h (itlﬂ+l>A>B)
kb (1: 2= 2,5 %)
g + 1
Rectangular winge (% =e¢o) )
Yo,0 Eo,o
o -] o] h
1
50,0 ?o,o
u o
0,k -2
B(h —y) ¢ B
p OB (1: A> %) "
<2
0 (1: A B)
- b
0,~h v % -h
_ 8(h + y) Za+c o 1
o : e §>2>3)

B éx ghs%)

= = > _2m .
2The components U /m,-h and %u.h Ja,—n %Fe zero i A= Ry
1imits for these u-components refer to cases in which A < 2:' T

ng

therefore, the integration

bThe camponents uo,_h and é!o n are zero if A '2 %; therefore, the integration limits for
¥

these u-componsuts refer to cases in which A< %
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Figure 1.- Symbols for sweptback wings.
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Figure 2.- Configurations showing typical Mach lines behind wing leading edge for various
aspect ratios. Biconvex parabolic-arc profile; no taper.
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Figure 3.-

Typical distributions of section wave-drag coefficients

along wing span for sweptback wing. Biconvex parabolic-arc

profile at zero lift; no taper; % =0.10; A= 45°,
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Figure 8.- Generalized curves for determining variation of wing wave-drag.
coefficient with Mach number for constant aspect ratios, sweepback
angles, and thickness ratios. Biconvex parabolic-arc profile at zero
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Figure 7.~ Generalized curves for determining variation of wing wave-drag
coefficient with aspect ratio for constant Mach numbers and thickness
ratios for rectangular wing. Biconvex parabolic-arc profile at zero lift,
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Figure 8.- Generalized curves for determining variation of wing wave-drag
coefficient with Mach number for constant aspect ratios and thickness
ratios for rectangular wing. Biconvex parabolic-arc profile at zero lift.
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Figure 9.- Variation of wing wave-drag coefficient with Mach number for different szeepba.ck
angles with constant slenderness ratios. Biconvex parabolic-arc profile at zero lift; no
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Figure 10.- Variation of wing wave-drag coefficient with Mach number for different sweepback
angles with constant aspect ratios. Biconvex parabolic-arc profile at zero lift; no taper;

t—; = 0.10; constant wing area.
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Figure 10.- Concluded.
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